Background and Purpose-Cognitive decline after cardiac surgery remains common and diminishes patients' quality of life. Based on experimental and clinical evidence, this study assessed the potential of intravenously administered lidocaine to reduce postoperative cognitive dysfunction after cardiac surgery using cardiopulmonary bypass. Methods-After IRB approval, 277 patients undergoing cardiac surgery were enrolled into this prospective, randomized, double-blinded placebo controlled clinical trial. Subjects were randomized to receive: (1) Lidocaine as a 1 mg/kg bolus followed by a continuous infusion through 48 hours postoperatively, or (2) Placebo bolus and infusion. Cognitive function was assessed preoperatively and again at 6 weeks and 1 year postoperatively. The effect of lidocaine on postoperative cognition was tested using multivariable regression modeling; PϽ0.05 was considered significant. Results-Among the 241 allocated subjects (Lidocaine: nϭ114; Placebo: nϭ127), the incidence of cognitive deficit in the lidocaine group was 45.5% versus 45.7% in the placebo group (Pϭ0.97). Multivariable analysis revealed a significant interaction between treatment group and diabetes, such that diabetic subjects receiving lidocaine were more likely to suffer cognitive decline (Pϭ0.004). Secondary analysis identified total lidocaine dose (mg/kg) as a significant predictor of cognitive decline and also revealed a protective effect of lower dose lidocaine in nondiabetic subjects. Conclusions-Lidocaine administered during and after cardiac surgery does not reduce the high rate of postoperative cognitive dysfunction. Higher doses of lidocaine and diabetic status were independent predictors of cognitive decline. Protective effects of lower dose lidocaine in nondiabetic subjects need to be further evaluated. 
A lthough mortality and cardiac morbidity for patients undergoing cardiac surgery has declined significantly in the last decade, the incidence of postoperative neurocognitive decline remains high, detected in more than 50% of patients at hospital discharge and persisting in 30% after 6 months. 1 Quality of life is also diminished for these patients who anticipate that postoperative improvements in physical status will generally improve their lives. 2 Initial reports suggested that impairment at hospital discharge was associated with long-term decline, but more recently it has been reported that the late cognitive decline may not be related to surgery. 1, [3] [4] [5] Potential mechanisms for this injury after cardiac surgery with cardiopulmonary bypass (CPB) include cerebral hypoperfusion, air and particulate embolism, ischemia-reperfusion injury, hemodilution, genetic predisposition, and an exaggerated inflammatory response. 6 -8 Attempts to ameliorate the injury have only yielded marginal effects. 9 -12 Lidocaine is a class IB antiarrhythmic that readily crosses the blood-brain barrier and may confer cerebral protection by modulation of inflammatory mediators, preservation of cerebral blood flow (CBF), reduction in cerebral metabolism, and deceleration of ischemic ion fluxes. 13 Cerebral protection by lidocaine was initially demonstrated in a feline model of cerebral arterial gas embolism, 14 and much of the initial in vivo neuroprotective experiments assessed lidocaine as a treatment for decompression illness. Early clinical data were also limited to case reports describing benefit in divers with neurological signs of decompression illness. In 1999, Mitchell et al 15 reported significantly less neurocognitive deficit in 55 lidocaine treated valve surgery patients. On the basis of these preliminary data, we hypothesized that intravenous lidocaine administered from induction of anesthesia to 48 hours after cardiac surgery would reduce postoperative neurocognitive decline and attenuate the inflammatory response associated with CPB.
Materials and Methods

Study Population
Subsequent to approval by the Duke University Health System Institutional Review Board and informed consent, 277 patients scheduled to undergo coronary artery bypass grafting or an open chamber procedure with CPB were enrolled into this prospective, randomized, double-blinded, placebo-controlled clinical trial. Patients were excluded if they were undergoing circulatory arrest or had a history of symptomatic cerebrovascular disease (eg, stroke with a residual deficit), psychiatric illness (any clinical diagnoses requiring therapy), renal failure (serum creatinine Ͼ2 mg/dL), liver disease (liver function tests Ͼ1.5 times the upper limit of normal), higher alcohol consumption (Ͼ 2 drinks/d), or were unable to read or had less than a seventh grade education. Subjects were randomized to 2 treatment groups: (1) lidocaine group, bolus of 1 mg/kg of lidocaine administered after induction of anesthesia and followed immediately by a continuous infusion at 4 mg/min for the first hour, 2 mg/min for the second hour, and 1 mg/min for the next 46 hours; or (2) placebo group, normal saline administered as a bolus and an infusion for 48 hours with identical volume and rate changes as the treatment group such that blinding was preserved. A group assignment schedule was prepared using a randomization function in SAS version 8.2 and stored in consecutively numbered sealed envelopes until allocation.
Patient Management
Anesthesia was induced and maintained with midazolam, fentanyl, and isoflurane. All patients underwent nonpulsatile hypothermic (30°t o 32°C) CPB with a membrane oxygenator and an arterial line filter. The pump was primed with crystalloid and serial hematocrit levels were kept at Ն0.21. Perfusion was maintained at pump flow rates of 2 to 2.4 L ⅐ min Ϫ1 ⅐ m 2 throughout CPB to maintain mean arterial pressure at 50 to 80 mm Hg. Arterial blood gases were measured every 15 to 30 minutes to maintain arterial carbon dioxide partial pressures of 35 to 40 mm Hg, unadjusted for temperature (␣-stat), and oxygen partial pressures of 150 to 250 mm Hg.
Measurement of Neurocognitive Function
Experienced psychometricians blinded to the treatment group examined subjects with a well-validated battery of 5 cognitive tests on the day before surgery and again at 6 weeks and 1 year after surgery. In accordance with the Consensus Statement on Assessment of Neurobehavioral Outcomes after Cardiac Surgery, 16 we used a cognitive test battery comprising the following 5 instruments that yielded 10 scores:
1. The Short Story module of the Randt Memory Test 17 requires subjects to recall the details of a short story immediately after it has been read to them and after a 30-minute delay. Verbatim and gist recall are both evaluated (4 scores). 2. The Digit Span subtest of the Wechsler Adult Intelligence Scale-Revised (WAIS-R) Test 18 requires subjects to repeat a series of digits that have been orally presented to them both forward and, in an independent test, in reverse order (2 scores). 3. Modified Visual Reproduction Test from the Wechsler Memory Scale 18 measures short-and long-term figural memory and requires subjects to reproduce from memory several geometric shapes both immediately and after a 30-minute delay (2 scores). 4. The Digit Symbol subtest of the WAIS-R 18 is a paper and pencil task that requires subjects to reproduce, within 90 seconds, as many coded symbols as possible in blank boxes beneath randomly generated digits according to a coding scheme for pairing digits with symbols (1 score).
5. The Trail Making Test (part B) 19 requires subjects to connect, by drawing a line, a series of numbers, and letters in sequence (ie, 1-A-2-B) as quickly as possible (1 score).
Laboratory Assessments
Blood was sampled at baseline, end of CPB, and 24 hours after CPB for measurement of lidocaine levels. Plasma was also sampled at baseline, end of CPB, and 4.5 hours and 24 hours after cross-clamp removal and immediately frozen at Ϫ70°C for subsequent assessment of the cytokine response. Caspase-3, C-reactive protein (CRP), interleukin-8 (IL-8), matrix metalloproteinase-9 (MMP-9), vascular endothelial growth factor (VEGF), and S-100␤ (S100␤) levels were performed by Biosite Diagnostics using forward immunometric assays in 384-well microtiter plates and a Tecan Genesis RSP 200/8 Workstation. Finally, whole blood was obtained from each subject before surgery and genomic DNA was prepared using the Puregene kit according to manufacturer protocols (Gentra Systems). A sample of this DNA was used to determine apolipoprotein E (APOE) genotype as previously described. 20 All study personnel were blinded to the results of the laboratory analyses.
Statistical Analysis
To characterize cognitive function over time while minimizing potential redundancy in the cognitive measures, a factor analysis was performed on the 10 cognitive test scores from baseline. The 10 scores were incorporated into a principal components analysis with orthogonal rotation (a linear transformation of the data) to produce uncorrelated factors. The factor analysis was conducted on the enrolled subjects in this study, and scoring coefficients for all time points were determined using this sample's baseline rotated factor scores; thus, cognitive domains remained consistent over time. We chose a 4-factor solution, which accounts for 84% of the variability in the original 10 test scores and represents 4 cognitive domains: (1) verbal memory; (2) abstraction and visuo-spatial orientation (executive function); (3) visual memory; and (4) attention and concentration. (supplemental Table I , available online at http://stroke.ahajournals. org) Two summary measures were calculated to represent cognitive function: (1) Cognitive deficit (the binary outcome) was defined as a decline of 1 SD or more in at least 1 of the 4 domains; (2) To quantify overall cognitive function and the degree of learning (ie, practice effect from repeated exposure to the testing procedures), a baseline cognitive index was first calculated as the mean of the 4 preoperative domain scores. A continuous change score (the continuous outcome) was then calculated by subtracting the baseline from the follow-up cognitive index. Categorical and continuous demographic characteristics were compared between treatment groups with Pearson Chi-Sq, Fisher Exact, and t tests. The effect of lidocaine treatment on the cognitive change score was tested using multivariable linear regression modeling accounting for age, sex, weight, years of education, baseline cognition, diabetes, APOE genotype, maximum intraoperative glucose, CPB time, and cross-clamp time; interactions between age and diabetes and treatment group were also examined. Variables with a probability value Ͼ0.10 were eliminated from the final model. Similarly, the effect of lidocaine on cognitive deficit was tested using multivariable logistic regression accounting for age, years of education, baseline cognition, and diabetes. Because of the number of outcomes, not all potential predictors could be tested together in the logistic regression model; these variables were selected based on their importance in the linear regression model. Differences in serum biomarkers were assessed using a repeated measures analysis of variance based on log transformation with unstructured covariance and the Tukey adjustment for post hoc pairwise comparisons. All analyses were performed with SAS version 9.13; PϽ0.05 was considered significant.
Based on preliminary data, we expected that the incidence of cognitive deficit in patients undergoing cardiac valvular surgery would be approximately 45%. We hypothesized that lidocaine treatment would decrease this incidence by forty percent to 27%, and a sample size of 112 per group would yield power of 80% at a significance level of 0.05 to detect this difference. To allow for a 10% loss to follow-up, we intended to recruit a total of 250 patients.
Results
From March 1, 1999 to April 21, 2003, a total of 277 patients were consented to participate in the study and randomized (Figure 1 ). Thirty-six of these subjects were not subsequently treated (refused neurological testingϭ5, withdrew consentϭ15, exclusion criteria developedϭ2, procedure changeϭ9, change in surgical scheduleϭ5), leaving 114 subjects who were allocated to the lidocaine group and 127 to the placebo group (nϭ241).
Demographic characteristics of the randomized subjects are listed in Table 1 . Despite randomization, subjects in the lidocaine group tended to weigh more (Pϭ0.06) and were more likely to be white (Pϭ0.07); all other characteristics were similar between treatment groups. Among the 182 subjects who returned for follow-up testing (Figure 1) , cognitive deficits at 6 weeks after surgery were present in 45.5% of subjects randomized to lidocaine and in 45.7% of subjects randomized to placebo (Pϭ0.97). The continuous cognitive score was also not significantly different between the treatment groups (lidocaine: 0.10Ϯ0.30 versus placebo: 0.10Ϯ0.30; Pϭ0.97). Multivariable analysis accounting for the covariable effects of age, years of education, weight, baseline cognition level, and diabetes, however, revealed a significant interaction between the treatment group and diabetes, such that diabetic subjects in the lidocaine group were more likely to suffer cognitive decline (continuous outcome: Pϭ0.004, Table 2 at http://stroke.ahajournals.org); binary outcome: Pϭ0.012, supplemental Figure IB ). As expected, lidocaine levels were significantly higher in the lidocaine group ( Figure 2) ; however, there was no difference between the treatment groups in any of the measured serum biomarkers (supplemental Figure  IIA through IIF) .
To assess the significance of lower weight (Table 2) as a predictor of cognitive change, post hoc multivariable linear regression analysis was conducted in the lidocaine group alone (nϭ114). As the lidocaine infusion was at a fixed rate regardless of patient weight, the lower weight patients would have received a larger total dose of lidocaine. This analysis revealed that the total lidocaine dose over the 48-hour treatment period (mg/kg) was a significant predictor of cognitive decline independent of diabetes (continuous outcome: Pϭ0.029, Table 3 ; binary outcome: Pϭ0.116), suggesting that an increased exposure to lidocaine may be detrimental. To investigate the possibility of a nonlinear association between lidocaine dose and cognitive change, an analysis using restricted cubic splines was performed in the same subset of subjects who received lidocaine. Restricted cubic splines, which are smooth at the joint points, or knots (slope is allowed to vary at these points) and which are constrained to be linear in the tails, can greatly improve the fit of the model. 21 Based on the size of the dataset, 4 knots were placed at 25, 40, 45, and 55 mg/kg of lidocaine (approximating the 5th, 25th, 75th, and 95th percentiles). Figure 3 shows the resulting fitted line with 95% confidence intervals indicating that cognitive decline was relatively unchanged until the dose of lidocaine exceeded approximately 35 mg/kg. Finally, exploratory multivariable analyses, conducted without adjustment for multiple comparisons, on the nondiabetic subjects (nϭ166) comparing those who received a total dose of lidocaine Ͻ42. Adverse events were not significantly different between treatment groups; serious adverse events were recorded in 12.3% of lidocaine and 10.2% of placebo subjects (Pϭ0.68). The length of hospital stay was 9 (IQR: 7 to 13) in the lidocaine group and 9 (IQR: 7 to 16) in the placebo group (Pϭ0.15). In-hospital, 6-week, and 1-year mortality rates were not different between lidocaine and placebo groups (2.63% versus 2.36%, 3.51% versus 3.15%, and 6.30% versus 6.14% respectively, PϭNS).
Discussion
In this prospective, placebo-controlled, randomized study of lidocaine during adult cardiac surgery with CPB, no neuroprotective effect of lidocaine was found. In addition, we found that diabetic subjects receiving lidocaine were more likely to suffer cognitive decline at 6 weeks. In secondary analyses, an association between higher total dose of lidocaine and increased neurocognitive decline was detected in the lidocaine treated group; a total dose of 35 mg/kg approx- imated the threshold for this cognitive decline. Furthermore, when the study sample was restricted to only nondiabetic subjects who received a dose of lidocaine Ͻ42.6 mg/kg (75th percentile), a protective effect of lidocaine on cognition was seen. A marginally significant improvement in cognition was also detected at 1 year after surgery in subjects receiving lidocaine, although this finding is limited by substantial loss to follow-up. There was no diminution of the perioperative cytokine response in lidocaine treated subjects.
Lidocaine is a cationic amide that blocks the sodium channel and has achieved widespread use as a local anesthetic and antiarrhythmic. The use of lidocaine as cerebral protectant largely arose from its assessment as a treatment for decompression illness. Evans et al 14 were the first to demonstrate that cerebral somatosensory evoked response was preserved to a greater degree in anesthetized cats pretreated with lidocaine before a single bolus of air in the vertebral artery. Since then, numerous studies have attempted to define the neuroprotective mechanisms of lidocaine; these include reduction in activation and residual cerebral metabolism, deceleration of ischemic ion fluxes, preservation of CBF, and modulation of inflammatory mediators. 13 During neuronal ischemia, Astrup et al 22 in a canine model of global ischemia demonstrated that large doses of lidocaine (100 to 160 mg/kg) reduced the metabolic rate by 15% to 20% beyond that achieved by barbiturates, thus preserving cellular energy stores. Of note, the effects of lidocaine and hypothermia were additive. These investigators attributed their findings to the ability of lidocaine to block anoxic sodium influx and potassium efflux that lead to cellular edema and loss of cell function. Similarly, in rat hippocampal slices exposed to varying concentrations of lidocaine, anoxic depolarization was less frequent and delayed when it did occur. 23 With more conventional dosing of lidocaine (0.2 mg/kg/min) administered to rabbits undergoing global ischemia, anoxic depolarization was again delayed. 24 As a consequence, secondary neurotoxic events such as intracellular edema, 25 cytosolic calcium accumulation, 26 and glutamate 27 and aspartate 28 release are attenuated.
In conventional doses, lidocaine also has been reported to preserve CBF 29 and reduce intracranial pressure, 30 but the existing data are conflicting. Depending on the dose of lidocaine and the vascular bed of interest, both vasodilatory and vasoconstrictive responses have been described. [31] [32] [33] Furthermore, Lei et al 34 in a rat model of focal cerebral ischemia demonstrated that an antiarrhythmic dose of lidocaine reduced infarct size 24 hours after ischemia but had no significant effect on CBF in the penumbra or the core during ischemia and reperfusion. The infarct-reducing effect of lidocaine was thought to be related to the inhibition of apoptotic cell death in the penumbra. Finally, neuroprotection with lidocaine may be a consequence of inflammatory modulation, largely manifested as a reduction in neutrophil adherence to injured endothelium, transmigration into the ischemic zone, and release of proinflammatory cytokines. 35, 36 On the basis of the animal data presented above and case reports 37 suggesting a beneficial effect of lidocaine in the treatment of cerebral arterial gas embolism, Mitchell and colleagues 15 assessed the effect of lidocaine in 55 evaluable patients undergoing left heart valve surgery. Lidocaine was administered intravenously to 28 patients for a total duration of 48 hours. Significantly fewer lidocaine patients had a deficit in at least one neuropsychological test at 10 days and 10 weeks (PϽ0.025), and lidocaine patients achieved supe- rior percentage change scores in 6 of the 11 tests (PϽ0.05).
Of note, only 3 of the 55 patients (5.5%) in this study were diabetic and body mass index was lower in the lidocaine group. In a second study, Wang et al 38 administered lidocaine until the end of surgery in 88 patients undergoing coronary revascularization. Patients treated with lidocaine again had a lower incidence of cognitive deficit (18.6% versus 40%, Pϭ0.028); body weight was not different between treatment groups but only 9 subjects in each group were diabetic. In the largest lidocaine study to date, our primary analysis revealed only a treatment by diabetes interaction such that diabetic subjects treated with lidocaine were more likely to experience cognitive decline. Post hoc analyses, however, revealed not only a detrimental effect of higher total dose of lidocaine but also a potential protective effect of lidocaine when administered to nondiabetics at lower doses. The plasma concentration of lidocaine has been related to therapeutic and side effects; an accepted therapeutic range is 2 to 5 g/mL, with central nervous system toxicity manifested as visual disturbances, confusion, impaired concentration, tinnitus, tremors, dysarthria, or even seizures, psychosis, and coma at levels above 6 to 10 g/mL. 39, 40 The distribution half life of lidocaine is typically short (6.8 to 9.3 minutes) and hepatic metabolism is the primary route of elimination, being highly dependent on hepatic blood flow with 60% to 70% of the drug extracted in the first pass. The pharmacokinetics of lidocaine, however, appear to change with prolonged infusions of lidocaine. When lidocaine is given as a constant infusion for more than 24 hours, the elimination rate constant and clearance decrease by approximately one half whereas the hepatic extraction rate decreases by almost two thirds. [41] [42] [43] Lidocaine disposition is also altered by disease states common to cardiac surgical patients such as congestive heart failure. 44 In such patients, the volume of distribution of the central compartment is smaller so that the same dose will achieve a higher plasma concentration whereas a diminished cardiac index results in a decrease in clearance. Finally, lidocaine has active metabolites whose pharmacokinetics should be considered. Lidocaine is deethylated to monoethyglycinexylidide (MEGX), with further deethylation to glycinexylidide (GX). MEGX and GX have 83% and 10% to 26%, respectively of the antiarrhythmic potency of lidocaine, and both may contribute to central nervous system toxicity. 39, [43] [44] [45] The ratio of serum levels of MEGX to lidocaine and of GX to lidocaine averaged 0.36Ϯ0.26 and 0.11Ϯ0.11 in 33 cardiac patients receiving lidocaine for more than 24 hours. 46 In the same study, MEGX levels were reported to be higher in patients with manifestations of lidocaine toxicity compared to the nontoxic patients. The importance of metabolites in toxicity is also highlighted by a study in normal volunteers where side effects were most common when lidocaine and MEGX were administered in combination. 47 Lidocaine clearance also appeared to be inhibited by MEGX, a finding that may explain the delayed elimination seen with prolonged infusion. 47 Therefore, despite normal plasma lidocaine levels, accumulation of metabolites may account for the development of toxicity.
The detrimental effect of lidocaine in diabetic subjects may also be related to its metabolism. Gawronska-Szklarz et al 48 evaluated the effect of streptozotocin-induced diabetes on the elimination kinetics of lidocaine in male Wistar rats and found that experimental diabetes enhanced lidocaine elimination. In contrast, MEGX elimination was impaired with the MEGX half-life increasing from 0.34 hours in the control group to 0.89 hours in rats with diabetes. In an isolated perfused liver model (removing variations in hepatic flow), however, these same investigators reported that diabetes reduces lidocaine elimination possibly because of an impairment in the deethylation pathway. 49 Unfortunately, pharmacokinetic data during extended lidocaine infusion and corroborating human data are lacking. Aside from differences in lidocaine pharmacokinetics, it has been reported that ATP- sensitive potassium channels, which are activated during cerebral hypoxia or ischemia to produce arteriolar dilation, demonstrate diminished responsiveness in diabetics 50 and may be further impaired by lidocaine. 51 However, the net effect of these findings are uncertain as channel function has not been compared with and without lidocaine in diabetic and nondiabetic subjects.
Methodological limitations to neuropsychological testing in the setting of cardiac surgery include the difficulty in obtaining corroborating brain imaging studies, the lack of control groups, and the often arbitrary nature of the definition of postoperative cognitive decline. Although we also lack imaging measures, our placebo group serves as a control group, and to partially overcome the arbitrary nature of our dichotomous outcome variable we have also examined the continuous change scores. The principal limitation to our study is the loss to follow-up, particularly at the 1 year time point. Twenty-five percent of our subjects allocated to treatment did not return for follow-up testing at 6 weeks, rising to 42.5% at 1 year. At 6 weeks nonreturning subjects had lower baseline cognitive scores and lower levels of education than returnees, whereas at 1 year they had lower levels of education and were more likely to be diabetic. However, the other demographic characteristics listed in Table 1 were not different, and, importantly, the rate of loss to follow-up was not different between the 2 treatment groups. The loss of diabetic subjects to follow-up at 1 year likely accounts for the marginally protective effect of lidocaine seen at 1 year. Another limitation to our study is the lack of lidocaine levels after 24 hours or lidocaine metabolite data in any of the enrolled subjects; thus, we are left to speculate that impaired elimination with prolonged infusion and accumulation of metabolites may be responsible for the observed detrimental effects. Finally, all post hoc analyses were considered exploratory and are unadjusted for multiple comparisons.
In summary, our study is the largest trial to date to evaluate the effect of lidocaine on neurocognitive outcomes after adult cardiac surgery in a prospective randomized manner. Lidocaine administration to the entire study population had no neuroprotective benefit and in fact was detrimental when given to diabetic subjects and at higher doses. Lidocaine also did not diminish the inflammatory response associated with CPB. When given to nondiabetics at reduced doses, a protective effect of lidocaine was observed, suggesting that further study in nondiabetic subjects is warranted.
